Purpose -The purpose of this work is to introduce a generic conceptual and methodological framework for the study of emergent social and intellectual patterns and trends in a diverse range of sense making and decision making activities. Design/methodology/approach -The development of the framework is driven by three motivating challenges: capturing the collective intelligence of science, fostering scientific discoveries in science and e-science, and facilitating Evidence-Based Librarianship (EBL). The framework is built on concepts such as structural holes and intellectual turning points, methodologies and techniques for progressive knowledge domain visualization and differentiation of conflicting opinions, and information integration models to achieve coherent transitions between different conceptual scales. Findings -Structural holes and turning points are detected and validated with the domain of terrorism research as an example. Conflicting opinions are differentiated in the form of a decision tree of phrases with the greatest information gains. Fundamental issues concerning the reliability of common assumptions across multiple levels of granularity are identified. Knowledge diffusion is studied in terms of information integration between a geographic space and an intellectual space. Research limitations/implications -This study characterizes a holistic sense making approach with three exemplar themes. Future research is needed to develop theoretical foundations and corresponding techniques to sustain additional themes. Practical implications -The work contributes to the practice of improving our understanding of the collective intelligence in science. Originality/value -The value of the work is the conceptual and methodological contributions to address various phenomena across microscopic and macroscopic levels.
Introduction
Understanding conflicting opinions, creative ideas, and collective intelligence requires a holistic sense making approach. These common phenomena involve emergent system-wide patterns as well as local details at lowerlevels of granularity. Some of the most fundamental challenges are due to the wide spectrum of scales involved and complexity of making sense signals and interpreting cues at various scales. Indeed, a common challenge is the need to construct a global picture from a large amount of potentially conflicting local details. The goal of our research is to develop a practical approach to address these challenges by facilitating sense making tasks in this context. The basis of our holistic sense making approach is a generic conceptual and methodological framework. In this article, we will identify the nature of key challenges with reference to three motivating themes and illustrate how this approach can be applied to these areas.
Motivating Themes
Three kinds of ubiquitous intellectual activities are fundamental to the fulfillment of increasingly demanding tasks, namely, making sense of a large volume of dynamic information concerning an emergent social and intellectual community, decision making over a wide range of conflicting views and seemingly contradictory evidence, and fostering scientific discoveries in a volatile, fast-changing environment with incomplete information and persistent uncertainty.
These activities and relevant challenges are discussed in the context of three motivating themes: 1) collective intelligence, 2) e-science, and 3) Evidence-Based Librarianship (EBL). These themes are used to demonstrate the nature of challenges and guide the development of our holistic sense making approach.
Collective Intelligence
Collective intelligence is an emergent intelligence of a group or a community of collaborative and competing individuals (Engelbart, 1995) . We will identify some of the key challenges in this area and introduce a set of technologies that we have developed for understanding the intellectual space of such communities.
As the first step towards understanding the collective intelligence of an intellectual community, it is the sense making need at a disciplinary level or a community level. We define a community in the context of studying collective intelligence in the broadest sense. For example, a group of viewers who participated in an online debate over the airing of a sniper video forms an invisible community. Such groups may be small, but the dynamics of what the group collectively recognizes and debates about is comparable to much larger-sized communities. Members in such groups may communicate with each other directly or indirectly. Examples of larger communities include customers who shared their reviews of a book at Amazon.com, and scientists of a specific field. The public who are interested in a common issue, such as global warming, immigration issues, and Iraqi wars, also forms communities that are relevant to the issue of collective intelligence.
It is important to distinguish the collective intelligence from the wisdom of crowds (Surowiecki, 2005) . We emphasize the emergent nature of the collective intelligence in that the quality of the collective intelligence should be always better than individuals' judgments and decisions. In contrast, it may not necessarily be the case with the wisdom of crowds. The ultimate goal of our research in this area is to advance the knowledge of how scientists make new discoveries and develop practical tools to detect and track the emerging collective intelligence based on the outputs of scientific activities. It is evident that sense making, differentiating conflicting views, and fostering new discoveries are integral to the creation and use of collective intelligence.
e-Science
The second motivating theme is e-Science (Hey and Hey, 2006) . It is relatively more related to the library and information science community than the first theme. It has been shown that, in a growing number of fields, the Web has become the predominant source of the latest scientific results, followed by classic preprints and conferences, and then by refereed archival papers (Atkins et al., 2003) . e-Science refers to the tools and technologies required to support collaborative and networked science so that scientists can do their research faster and better than before. e-Science requires the library community as well as the communities of its customers to develop an understanding of the new phenomena at a global and macroscopic level in addition to the understanding at more conventional microscopic levels.
A practical issue that will become increasingly prominent to the library and information science community as well as scientific communities is the tension caused by the fast-growing data space and an equally fast-growing knowledge space, especially due to the lack of knowledge-centric techniques that would facilitate scientists move back and forth freely between such spaces. A representative example is the Sloan Digital Sky Survey (SDSS) in astronomy. SDSS is the leading ongoing astronomical survey. The SDSS Survey has provided numerous data, approximately 10 6 brightest galaxies and 10 5 brightest quasars (York et al., 2000) , to the astronomy community. When the early data release became available, SDSS-related publication increased radically. Each year increase nearly 50 papers. The SDSS data become the real goldmine for astronomers.
The study of data obtained by SDSS over the last few years has led to nearly 1,400 publications with over particularly remarkable 40,000 citations. The total citation number has doubled in the past 1.5 years. This makes SDSS an extremely fast-growing and high-impact field. By citation impact, the SDSS was the most important astronomical observatory in the world in 2003, 2004, and 2006 (it ranked second in 2005 to the NASA WMAP satellite). Important discoveries from the SDSS include a new class of stars within our Galaxy, new galaxies orbiting the Milky Way, measurement of dark energy and dark matter in the universe, and the most distant quasars seen, at the edge of the observable universe.
Understanding even the most significant scientific discoveries in a fast advancing field such as the SDSS one is a challenging job. Investigating the massive volumes of observational data obtained by the SDSS survey is a challenge that SDSS astronomers must deal with on daily basis. Imagine the amount of efforts that SDSS astronomers have to find their way through the data space and the knowledge space all interweaved together.
An integral part of our research in this area is to advance information integration and informatics and enable astronomers and information scientists increase the quantity and quality of their research outputs. We focus on establishing associative links between a massive volume of observational data and the most up-to-date scientific discoveries on relevant astronomical objects in scientific literature. Such links would enable astronomers explore and investigate various emergent patterns across the data space and the knowledge space. Such links would also allow information scientists to study the interrelationship between the fast growing data space and the evolving knowledge space and track the growth and spread of scientific knowledge at its forefront. Similarly to the role of sense making, differentiating conflicting opinions, and fostering new discoveries in dealing with collective intelligence, they are also central to the practice of e-science.
Evidence-Based Librarianship (EBL)
The library and information science community has recently developed an increasing interest in EvidenceBased Librarianship (EBL), evidently with the influence of Evidence-Based Medicine (EBM). The EBL process has five steps as follows according to (Eldredge, 2006): 1. formulate a clearly defined, relevant, and answerable questions 2.
search for an answer in both the published and unpublished literature, plus any other authoritative resources, for the best available evidence 3.
critically appraise the evidence 4.
assess the relative value of expected benefits and costs of any decided upon action plan 5.
evaluate the effectiveness of the action plan. Eldredge gave some examples of answerable questions such as "How can we best measure usability of our library's web pages?" He argued that librarians find it more challenging than they might expect to formulate and refine their own questions. Critically appraising the evidence is an important step in the process (Booth and Brice, 2004) . Similarly to the practice of EBM, systematic reviews are regarded as the top-quality evidence in EBL across all three types of queries, namely, prediction, intervention, and exploration (Eldredge, 2006) . Systematic reviews are scientific reviews of the literature focusing on specific questions. As with EBM, in addition to the systematic methodology, practical concerns of the quality of systematic reviews include comprehensiveness, authoritativeness, and freshness. One of the greatest practical challenges is that systematic reviews may not always be readily available. Even if they are, they may be out of date, or out of scope. Therefore from the EBL perspective leveraging quantitative analytic tools to bridge the gaps has practical and pragmatic implications. More importantly, these tools can be used by librarians, scientists, students, and the public beyond the libraries or even digital libraries. Figure 1 shows an example from our earlier research in EBM. The visualization depicts systematic reviews on lung cancer. The type of evidence is marked as randomized controlled trials (rc), meta-analysis (m), and controlled trials (c) so as to aid the search for high-quality evidence with specific reference to answerable questions. Figure 2 shows a visualization of clinical evidence reported in the NSAID literature. Both visualizations were generated by CiteSpace (Chen, 2006 ), which will be described in more detail in the second part of this article.
Once again, the three demanding tasks are also of fundamental importance to EBL. For example, differentiating conflicting opinions and contradictory evidence is particularly important for practitioners of EBL to understand and resolve what the best evidence is. It is also a fundamental service required for e-Science in order to respond to the rapidly increased amount of data and results of analysis. Furthermore, it is essential for identifying and understanding what the collective intelligence really is because differentiating different views and explaining implications of evidence is necessary to the advancement of our knowledge. 
A Holistic Sense Making Approach
We have shown that EBL, e-Science, and collective intelligence face common challenges in terms of sense making, differentiating conflicting views and contradictory evidence, and fostering new discoveries. They are all dealing with diverse, incomplete, and constantly changing information from multiple sources in multiple perspectives. These properties reflect the dynamics of underlying phenomena -they tend to be volatile, situated, emergent, and evasive. And at the same time, they are also intellectual and societal in nature. We introduce a holistic sense making approach to facilitate these essential activities. The following is a brief outline of key components of the approach.
Accommodating Micro-and Macroscopic Perspectives
The first goal of our approach is to accommodate perspectives of different granularity level. The conceptual gap between macroscopic and microscopic views of a range of phenomena is subject to gradual as well as abrupt changes. The term macroscopic view refers to a representation of global and system-wide patterns, or properties of the underlying phenomenon as a whole. In contrast, we use the term macroscopic view to refer to a local and detailed view of an individual component or part of an underlying phenomenon. Due to the excessive scope and complexity, even if one can obtain a good understanding of local details at a microscopic level, it is usually still fundamentally challenging to reach an understanding at a macroscopic level. For example, a good understanding of a specific position or a line of argument in a political debate would be microscopic in nature because it fundamentally focuses on one issue that can be seen as atomic or self-contained. In contrast, a comprehensive and holistic understanding of major aspects of a controversial issue, such as global warming, and their interrelationship would be macroscopic in nature.
Tracking Thematic Changes
Tracking thematic changes is an essential component of our approach. The concept of intellectual turning point is first introduced to provide users with critical focal points in understanding thematic changes at paradigmatic levels (Chen, 2004) . In (Chen, 2006) , we have shown that the notion of intellectual turning point provides an intuitive and insightful way to guide viewers' focus towards critical pathways in the longitudinal evolution of a number of relevant topics reflected in scientific literature and social networks of collaborating researchers.
Current work in this area is primarily based on bibliographic records of scientific publications, namely titles, abstracts, and citations. A challenging but potentially significant move is to advance technical capabilities to the predictive analysis of streaming data of scientific publications and combine with other types of information on longer-term strategic developments in science, for example, solicitations and descriptions of new initiatives from funding agencies.
Differentiating Conflicting Opinions
Differentiating conflicting opinions and contradictory evidence is another component of our approach. The general goal of this component is to provide theoretical and methodological support for assessing the strength of a line of argument in scientific debates as well as debates that involve the general public. For example, understanding thousands of customer reviews on a controversial bestseller such as the Da Vinci Code can be a very time-consuming and cognitively demanding task . Differentiating conflicting opinions in terms of underlying evidence also has important implications on understanding the structure and dynamics of a scientific domain (Chen, 2006 , Chen et al., 2002 .
An important issue is how to distinguish subjective and objective elements from natural language corpus and streaming data over controversial topics. As we will demonstrate through customer reviews of books on Amazon.com, the selection of the unit of analysis is critical because a well-defined phrase with a clear orientation at the phrase level could be used to express a completely opposite position at a higher level of discourse.
Conceptual and Geospatial Diffusion of Knowledge
The study of knowledge diffusion is a significant area of research in its own right. Recent research has shown the practical potential of being able to integrate dynamic patterns from different conceptual spaces. The collective intelligence of our social, cultural, political, and scientific communities is determined by corresponding social, cultural, political, and intellectual ties and by what information flows over such ties. Knowledge diffusion is a process in which knowledge can spread from one place to another.
We have described an integrative approach to holistic sense making. Next, we illustrate the key concepts such as structural holes and their salient visual features. Then we include an example on terrorism research.
Applications of the Approach
The following examples illustrate how this approach can be applied to sense making tasks in different contexts.
Structural Holes
Structural holes are introduced to study social capitals (Burt, 1992) . The concept of structural hole is used to identify areas of a social network where the richness of information or the lack of it becomes one of the vital outcomes of the social ties. Collaboration networks of researchers have been studied in the literature. It is an interesting and potentially practical perspective to study the role of structural holes in such networks. The essential role of structural holes in understanding and predicting information diffusion in social networks is evident. Structural holes often lead to insightful discoveries of possibilities and potentials as well as obstacles and blockages. A logical step is to extend the concept of structural holes from social networks of small groups and organizations to much larger intellectual networks such as the ones that can be derived from scientific literature of a discipline. As a result, structural holes in an intellectual network will help us to understand the invisible routes that knowledge diffusion may take place.
Moving from social networks to intellectual networks opens several potentially insightful and fruitful paths of inquiries, especially with regard to the three major motivating domains, EBL, e-Science, and collective intelligence. Because revealing structural holes in intellectual networks will allow us to distinguish knowledge and intellectual contributions in or near to structural holes from those away from structural holes, it becomes practically important for EBL practitioners to assess the nature and quality of available evidence in this context. Similarly, the knowledge of structural holes will be valuable for e-Science in terms of tracking the development of one's own field and cross-field interrelationships.
Intellectual Turning Points
In order to provide an instrument to facilitate this type of approaches, we have developed a set of tools to identify structural and temporal patterns in a variety of intellectual networks derived from scientific literature, including document co-citation networks and hybrid networks that combine research fronts and intellectual bases. These tools are incrementally integrated into CiteSpace, an experimental environment for detecting and modeling structural and temporal patterns in scientific literature. Figure 4 shows the graphical user interface of CiteSpace along with a number of illustrations which are intended to provide easy-to-follow interpretations of major functions of CiteSpace. Key components of CiteSpace include time slicing, network modeling, term extraction, filtering, and pruning. We provide a concise description of these components as follows and refer the reader to technical details published in (Chen, 2006 , Chen, 2004 ..
The purpose of time slicing is to determine the scope and granularity of subsequent analysis, modeling, and visualization. For example, a time interval between 1996 and 2003 can be divided into 8 one-year slices. Each slice is then used to define a network. CiteSpace supports several types of networks, including author cocitation networks, document co-citation networks, and collaboration networks. CiteSpace currently supports two types of term selection methods, namely burst terms (Kleinberg, 2002) and part-of-speech based term selections. The role of filtering is to select articles based on citation-related threshold values. As a result, the outcome of filtering is the top layer of articles among all published papers in the literature according to their citation ranking. Pruning is the next step. It is often useful to consider pruning a network if salient connections are overwhelmed by too many links.
The presence of structural holes and turning points in intellectual networks derived from bibliographic records is evident. This is an encouraging indication that one can detect not only the boundaries between various thematic areas, but also plausible explanations of the nature of transitional links connecting these thematic areas. This ability to address structural properties of thematic areas beyond individual articles and phrases is a significant advancement towards bridging the conceptual gap between our understanding at microscopic and macroscopic levels. The focus on thematic areas and their interrelationships rather than individual articles and co-citation links also echoes strategies recommended by Price for quantitative studies of science (Price, 1965) . He suggested that studying science is akin to studying the dynamics of a volume of gas in that the focus is on the global and emergent behavior of the gas as a whole rather than on the movement of individual molecules. Such macroscopic perspectives allow us to address questions at the macroscopic level based on the collective behavior of numerous component articles at the microscopic level.
The following set of four questions is generic enough to be applicable to a wide range of subject domains. They are also specific enough to be detectable from visual and computational cues in the visualizations of intellectual networks.
1. What are the most active research themes in a subject area? 2. How are these active themes related? 3. How do they evolve over time, space, and what is the associated diffusion process? 4. How do we access the emergent insights?
We ask the same set of questions on terrorism research. And we show that one can link these questions to structural and other visual properties of intellectual networks.
1. What are the most active areas in TERRORISM RESEARCH? 2. What was the previously predominant topic? 3. What EVENT/WORK led to the shift of focus? 4. What is such a transition path made of? Figure 5 shows how these macroscopic-level questions can be answered with progressive knowledge domain visualizations generated by CiteSpace. For example, currently active themes would correspond to thematic clusters that emerged most recently. In CiteSpace, this means that we should simply search for clusters with the right color. The question about previously predominant themes can be similarly formulated as searching for clusters with colors of earlier years. The third and fourth questions focus on turning points and lines that connect them. 
Differentiating Conflicting Views
While the extension of structural holes and turning points addresses the dynamics of themes at a macroscopic level, differentiating conflicting views may cut across the entire spectrum of semantic granularity. First, the volume of participating views ranges from small groups, to large communities.
At the lower end of the scale, different views from members of a consortium are a good example. CNN Anderson Cooper 360° aired a sniper video on October 19, 2006. The video shows US soldiers were killed by snipers in Iraq. The airing of this video was controversial. Within 24 hours of the airing, hundreds of viewers expressed their strong opinions at the Anderson Cooper 360° blog site. The blog's editor selected about 160 blogs and published them to the public. Another example is the controversial bestseller The Da Vinci Code. There are over 3,000 customer reviews on Amazon.com a couple of years after its release. The polarity of these reviews is remarkable. Customers contributed lengthy reviews to argue for their positions.
At the higher end of the scale, scientific debates over global warming and public debates over immigration and Iraqi War are representative examples. Earlier research on mass extinctions is one of the widely known examples of lengthy scientific debates (Chen et al., 2002) . According to domain experts, there were more than 80 theories in the history of this topic (Alvarez, 1997) . The debates lasted more than a decade.
Differentiating conflicting views is usually part of a broader goal-driven activity, such as sense making, decision making, and policy making processes. On the other hand, contemporary approaches to classifying movie reviews are often based on low-level sentiment cues such as the use of adjectives and semantic proximity with diagnostic terms such as words good and bad. Conflicting opinions are complex. There are many ways to express an opinion. Some of the challenges are illustrated in the following examples. The top-level label of a group of terms is 'really good book,' suggesting a positive orientation of a review. However, a close examination reveals that the phenomenon is more complicated. Reviewers may recommend other 'really good book' in their reviews. An ironic example was found when we examine the top-level use of phrase 'good thriller writing.' Based on its surface value, we expected that 'good thriller writing' would lead to a positive review, at least at the sentence level. On the contrary, we found a negative review: 'Dan Brown should read Frances Fyfield to find out about good thriller writing.' It does make perfect sense to human readers, but it is hard for computational linguistic techniques to detect such subtleness and delicacy. We have highlighted the potential of combining text analysis and visual analytics for differentiating conflicting opinions at various levels of abstraction. We have also underlined major challenges of detecting and presenting a cohesive representation across different layers of granularity and units of analysis.
In contrast to the traditional retrieval-centric perspective, which is characterized by approaches crafted for recall, discrete search, formal, and partial solutions, we emphasize the role of visual analytics in the development of a set of new approaches that aim to capitalize on recognition, continuous information foraging, intuitive, and holistic ways of thinking.
A major area is concerned with information integration, especially across incompatible conceptual and semantic structures. We often need to consider patterns emerged in two or more domains. The complexity of integrating information across such domains depends on the inherent complexity of conceptually mapping from one domain to the other.
Consider that we need to integrate information, patterns, and trends between a geographic space and a cyberspace. A fundamental challenge is that geographically proximity does not imply semantic similarity in the cyber-space, and vice versa. This challenge underlines a common issue to be thoroughly addressed by information integration, e-Science, and other relevant initiatives. An example in astronomy is linked to the Sloan Digital Sky Survey (SDSS), which scans the sky to produce observational data so that astronomers can study and make new discoveries. In the knowledge space of astronomy, stars and quasars are not similar astronomical objects. However, they can get very close to each other in the so-called color space. Yet another example comes from avian flu research. Researchers first studied bird migration pathways as a possible explanation of how avian flu outbreaks spread from one place to another 1 . Then later on new discoveries were made from unexpected perspectives.
Many scientific discoveries are made because new questions are asked or old questions are asked in a different way. This underlines the significance of considering two or more different spaces at the same time and being able to move back and forth between them. What are the implications of dealing with such different spaces on scientific discoveries? What are the implications of such differences on information integration? The following example illustrates an integration between a geographic space and a semantic space. The two spaces have different structures. There is no one-to-one mapping between them that can preserve topological properties. For example, two points near to each other in the geographic space are not necessarily mapping to the same neighborhood in the semantic space. Figure 9 shows visual representations of two distinct conceptual spaces: one is the intellectual space of published articles on terrorism and document co-citation links between them, the other is the geospatial space in which locations of terrorist incidents are marked in a geographic map. Structural patterns we have obtained from both spaces apparently differ considerably from each other. For example, one of the advantages of the intellectual space is its free from geographic constraints. The only type of constraints that shape the intellectual work is purely semantic in nature. The example of terrorism shows that mapping perceived similarities between concepts (in terms of the strength of co-citation links) directly to their geographic locations may not make much sense. On the other hand, considering potential connections between patterns from different spaces may lead to insightful discoveries. For example, the geographic distribution of terrorist incidents shows that many terrorist incidents took place in Israel, whereas the most active collaboration ties are linked to researchers in Europe and the USA. Figure 10 shows an example of integrating the diffusion paths of collaboration networks on avian flu over a geographic map in Google Earth. The diffusion paths become apparent if we focus on citation hubs and authorities. In other words, if we focus on hubs, i.e. locations that have a large number of incoming and/or outgoing collaboration links, then the position of such hubs seems to move every year. There may be several explanations to the apparent movement of a hub location, for example, in relation to avian flu outbreaks, the provision of local expertise, or other factors. These examples are the first step towards coherent integrations between different perspectives. Figure 11 is a map showing three types of data as three distinct thematic overlays, including avian flu outbreak sites, locations of authors' institutions in avian flu research extracted from bibliographic data. Each overlay can be separately controlled. Users are able to turn these overlays on and off so that they can compare various patterns. A logical next step is to integrate a predictive model such that users are guided by the predictive model and highlight interesting but unanticipated patters as well as the anticipated ones.
Integrating Conceptual and Geospatial Diffusion of Knowledge

Future Work
These results point to a number of potentially significant directions for future research. For example, algorithmically identifying and tracing the movement of hubs and authorities in networks of burst terms over time would considerably strengthen the power of holistic sense making at a macroscopic level. Similarly, generating predictive models based on triangulation between observational data, scholarly publication data, and other sources of data is an important direction for fostering scientific discoveries and for integrating information meaningfully. The development of theoretical underpinnings of how scientists make new discoveries and how information integration may help the creation and diffusion of scientific knowledge is one of the most important strategic directions.
The three motivating themes, i.e. sense making, opinion and evidence differentiating, and fostering scientific discoveries, are deeply interrelated in reality. Along the direction of differentiating conflict opinions, practical solutions are needed to enable us identify and distinguish objective and subjective elements in a large volume of incoming information. Future work should also include deep analysis and modeling of causality and significant low-profile patterns. Theoretical framework and models should be developed for integrating and accommodating heterogeneous information from multiple abstract as well as concrete data spaces and knowledge spaces.
In a long run, this group of sense making activities needs to be addressed in a holistic way because of their emergent nature. Integrating multiple perspectives is a crucial but fundamental challenge. The framework, the approach, and its key components are the first step towards unifying a range of phenomena as diverse and yet ubiquitous as collective intelligence, e-science, and evidence-based librarianship.
